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ABSTRACT 


A  wind  tunnel  investigation  was  conducted  to  obtain  the  buffet  response 
and  aerodynamic  damping  of  0.  07 -scaled  aeroelastic  models  of  Titan 
III/MOL  configurations  at  transonic  Mach  numbers.  Buffet  response  re¬ 
sults  were  obtained  in  the  form  of  bending  moments  at  a  selected  model 
station.  Aerodynamic  damping  results  were  obtained  by  the  forced- 
oscillation  technique,  whereby  the  elastic  modes  of  the  model  were 
excited  by  an  electromagnetic  shaker,  and  the  exciting  force  and  result¬ 
ing  model  acceleration  were  recorded.  A  phase  separation  technique 
was  used  to  resolve  the  structural  damping  (air-off  conditions)  and  com¬ 
bined  structural  and  aerodynamic  damping  (air-on  conditions)  from  the 
measured  force  and  acceleration.  The  test  was  conducted  in  the  Mach 
number  range  from  0.  80  to  1.  10  and  at  zero  angle  of  attack.  All  config¬ 
urations  experienced  peak  buffet  response  near  Mach  number  0.95.  The 
buffet  response  for  the  Gemini  and  SV-5  configurations  agreed  reasonably 
well  with  previous  test  results  for  the  same  or  similar  configurations. 

The  aerodynamic  damping  was  generally  positive  and  varied  with  Mach 
number.  The  largest  variations  occurred  in  the  Mach  number  range 
from  0.  925  to  1.00  for  the  Gemini  and  SV-5  configurations.  Increasing 
dynamic  pressure  caused  an  increase  in  aerodynamic  damping,  although 
the  increase  in  damping  was  not  necessarily  proportional  to  dynamic 
pressure. 


This  document  ia  subject  to  special  export  controls 
and  each  transmittal  to  foreign  governments  or  foreign 
nationals  may  be  made  only  with  prior  approval  of 
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TEST  CONFIGURATIONS 

Configuration  Number  Configuration  Description 

42  Titan  III,  MOL  with  protuberances/ Gemini, 

7.5-segment  SRM's 

43  Titan  III,  MOL/unmanned  Gemini,  7.  5- 

segment  SRM's 

44  Titan  III,  MOL/Gemini,  7.  5-segment 

SRM’s 

45  Titan  III,  MOL/SV-5,  7.  5-segment  SRM's 

46  Titan  III,  MOL/ standard  fairing, 

7.  5-segment  SRM's 
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SECTION  I 
INTRODUCTION 


Aeroelastic  modeling  techniques  have  been  applied  to  a  0.  07- scale 
model  of  the  Titan  III  launch  vehicle,  and  a  wind  tunnel  investigation  has 
been  initiated  to  evaluate  the  structural  response  of  various  configura¬ 
tions  at  transonic  speeds.  During  previous  tests  (see  Ref,  1)  a  number 
of  payload  and  booster  combinations  were  tested  to  measure  the  bending- 
moment  distribution  over  the  model  resulting  from  buffet  air  loads.  The 
last  of  these  tunnel  entries  was  the  first  of  several  entries  planned  under 
the  Phase  III  Wind  Tunnel  Test  Plan.  As  a  continuation  of  this  test  plan, 
the  present  investigation  was  conducted  to  measure  the  structural  and 
aerodynamic  damping  characteristics  of  various  Titan  III/ MOL  configura¬ 
tions  by  the  forced-oscillation  technique.  The  present  configurations 
were  either  the  same  as  or  similar  to  those  tested  during  the  buffet  re¬ 
sponse  entry.  In  addition  to  the  damping  measurements,  the  buffet  bend¬ 
ing  moments  were  recorded  during  the  present  entry  for  comparison  with 
previous  data.  The  test  was  conducted  in  the  Propulsion  Wind  Tunnel, 
Transonic  (16T)  at  AEDC  during  the  period  from  April  27  through  May  19, 
1967. 


SECTION  II 
APPARATUS 


2.1  TEST  FACILITY 

Tunnel  16T  is  a  variable  density  wind  tunnel.  The  test  section  is 
16  ft  square  and  is  lined  with  perforated  plates  to  allow  continuous  opera¬ 
tion  through  the  Mach  number  range  from  0.  55  to  1.  60  with  minimum  wall 
interference. 

Details  of  the  test  section  showing  the  location  of  the  test  article  and 
the  support  strut  arrangement  are  presented  in  Fig.  1.  Photographs  of 
the  various  configurations  as  installed  in  the  test  section  are  presented 
in  Fig.  2.  A  more  extensive  description  of  the  tunnel  is  given  in  Ref.  2, 
and  the  latest  calibration  results  are  presented  in  Refs.  3  and  4. 


2.2  TEST  ARTICLE 
2,2.1  General 


The  basic  test  article  was  a  0.07-scaled  aeroelastic  model  of  a 
Titan  III  launch  vehicle  with  payloads  consisting  of  the  MOL  in  combination 
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with  various  nose  configurations.  The  model  booster  was  the  same  as 
tested  during  the  previous  Phase  III  test  program  (Ref.  1)  and  consisted 
of  a  modified  Titan  III  core  centerbody  and  two  7.5-segment  strap-on, 
solid- rocket  motors  (SRM).  The  full-scale  diameters  of  the  core  and 
SRM's  are  120  and  121  in.,  respectively.  Geometi’ic  details  of  the 
model  booster  are  presented  in  Fig.  3.  A  summary  of  the  various  con¬ 
figurations  tested  and  corresponding  configuration  numbers  are  pre¬ 
sented  in  the  nomenclature.  Geometric  details  of  the  payloads  are 
presented  in  Fig.  4.  In  general,  the  reaction  control  rockets  were  the 
only  protuberances  external  to  the  MOL  section;  however,  one  configura¬ 
tion  (42)  was  tested  with  five  additional  protuberances,  as  illustrated  in 
Fig.  5. 

The  model  physical  properties  are  presented  in  Table  I,  and  a 
derivation  of  the  model  scale  factors  is  presented  in  Appendix  II. 


2.2.2 


Model  and  Sting  Support  System  Construct! 


on 


Some  of  the  details  of  the  model  and  sting  support  system  construc¬ 
tion  are  shown  in  photographs  of  the  model  at  various  stages  of  the 
assembly  in  Fig.  6.  The  sting  support  system  consisted  of  three  steel 
pipes  cantilevered  from  a  cross  member  which  attached  to  the  PWT  sting 
system  (Fig.  6a).  The  long  center  prong  entered  the  model  core,  and 
the  shorter  outside  prongs  entered  the  SRM's.  The  model  was  supported 
on  the  sting  by  spring  systems  housed  inside  the  sting  as  shown  in  side 
and  top  view  schematics  of  the  spring  support  system  in  Fig.  7.  The 
spring  support  system  was  designed  to  restrain  the  model  in  the  axial 
direction,  to  support  the  model  weight,  and  to  provide  a  minimum  of 
restraint  to  motion  in  the  pitch  and  yaw  free-free  bending  modes  (see 
Ref.  1).  The  model  was  supported  at  three  points  -  at  the  upstream  end 
of  the  core  and  at  the  downstream  end  of  each  SRM.  Positioning  and 
braking  systems  for  the  model  are  described  in  Ref.  1. 

The  structural  backbone  of  the  model  was  the  core,  SRM,  and  MOL 
elastic  structure.  The  core  structure  was  constructed  of  2024-T4 
aluminum  tubing,  and  the  SRM  structures  were  constructed  of  6061-T6 
aluminum  tubing.  The  tubes  were  machined  to  satisfy  the  scale  stiffness 
requirements.  Steel  weights  were  attached  to  the  elastic  structures  to 
simulate  the  running  inertia  and  mass  characteristics.  The  weight  dis¬ 
tributions  for  the  core  and  SRM's  are  presented  in  Figs.  8a  and  b, 
respectively.  The  correct  aerodynamic  form  for  the  core  and  SRM's  was 
obtained  by  covering  the  skeletal  structures  with  aluminum  cylindrical 
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segments.  The  joints  between  the  aluminum  segments  were  sealed  with  a 
silastic  rubber  which  enabled  the  segments  to  move  independently  and  thus 
not  restrain  the  model  in  bending.  The  MOL  section  was  constructed  of 
7075-T6  aluminum  tubing  and  chemically  milled  to  obtain  the  correct 
scaled  stiffness  distribution.  The  MOL  weight  distribution  is  presented  in 
Fig.  8c.  Balsa  wood  was  bonded  directly  to  the  MOL  aluminum  structure 
and  shaped  to  the  correct  aerodynamic  geometry. 

The  various  nose  payloads  were  constructed  of  a  skeleton  of  alumi¬ 
num  and/  or  plywood  with  the  external  contour  shaped  from  balsa  wood. 

The  nose  payload  weight,  center  of  gravity,  and  mass  moment  of  inertia 
were  simulated;  however,  the  stiffness  was  higher  than  that  dictated  by 
similitude  laws.  The  weight  distributions  of  the  various  nose  payloads 
are  presented  in  Fig.  8c. 

2.2.3  Excitation  System 

A  single  electromagnetic  shaker  was  used  to  excite  the  model  in  its 
pitch  bending  modes.  The  shaker  was  mounted  below  and  aft  of  the  model 
as  shown  in  Fig.  9.  The  model  was  excited  through  a  semirigid  beam 
(natural  frequency  of  250  cps)  which  was  cantilevered  from  the  base  of  the 
model.  The  free  end  of  the  beam  was  connected  to  the  shaker  through  a 
drive  rod.  Universal  joints  in  the  drive  rod  permitted  lateral  motion  of 
the  model.  The  housing  for  the  shaker  drive  system  was  mounted  directly 
to  the  sting  support  cross  member.  Fouling  sensors  and  mechanical  stops 
were  also  attached  to  the  shaker  drive  housing  to  provide  a  means  of 
limiting  the  shaker  force  to  the  model  should  the  shaker  become  uncontrol¬ 
lable. 


2.3  INSTRUMENTATION 
2.3.1  Model 


Instrumentation  in  the  model  consisted  of  the  following: 

1.  Pitch  and  yaw  bending-moment  sensors  located  on  the 
core  and  MOL  structures. 

2.  Normal-  and  side-force  sensors  located  on  the  support 
springs. 

3.  Pitch  and  yaw  accelerometers  located  in  the  upstream 
end  of  the  MOL  payload.  Pitch  accelerometers  located 
in  the  aft  end  of  the  core. 
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4.  Position  sensor  located  at  the  forward  support  spring 
attachment  point. 

5.  Force  sensor  located  between  the  shaker  arm  and  the 
shaker  drive  rod. 

The  bending -moment  and  force  sensors  were  strain-gage  bridges 
with  four  active  arms.  The  gages  of  the  bending-moment  sensors  were 
bonded  to  the  exterior  of  the  core  and  MOL  structures  such  that  the 
geometric  centers  of  the  sensors  were  at  the  model  centerlines.  The 
gages  of  the  force  sensors  were  similarly  installed  on  the  support 
springs.  Typical  core  and  spring  cross  sections  showing  details  of  the 
gage  installations  are  presented  in  Fig.  10.  Axial  locations  of  the 
bending-moment  sensors  are  presented  in  Fig.  11. 

Two  crystal  accelerometers  were  installed  in  the  MOL  payload  at 
model  station  -2  8.  75.  The  accelerometers  were  oriented  such  that  one 
was  sensitive  to  motion  in  the  pitch  plane,  and  the  other  sensitive  to 
motion  in  the  yaw  plane.  Two  other  accelerometers  were  located  in  the 
aft  end  of  the  core  at  model  station  88.00.  Both  accelerometers  were 
sensitive  to  motion  in  the  pitch  plane. 

The  position  sensor  was  a  linear  differential  transformer  that  meas¬ 
ured  the  vertical  displacement  of  the  model  from  the  center  of  the  sting 
support. 

The  force  input  to  the  model  from  the  electromagnetic  shaker  was 
measured  by  a  crystal-type  load  cell.  The  load  cell  was  located  between 
the  shaker  drive  rod  and  the  shaker  arm  which  was  cantilevered  from  the 
base  of  the  model  core  (see  Fig.  9a).  The  load  cell  output  signal  was  used 
in  conjunction  with  the  pitch  accelerometer  in  the  MOL  payload  to  deter¬ 
mine  the  aerodynamic  damping  by  means  of  an  electronic  component 
analyzer, 

2.3.2  Data  Recording  and  Monitoring 

Outputs  from  the  model  instrumentation  were  conditioned  and  recorded 
and/or  monitored  on-line  as  illustrated  in  Fig.  12,  Dynamic  measure¬ 
ments  were  recorded  on  a  14 -channel  magnetic  tape  recorder  and  two 
oscillographs.  Up  to  4-rms  voltmeters  with  integrating  circuits  for  time 
averaging  the  fluctuating  rms  signals  were  used  to  obtain  on-line  readings 
of  the  bending-moment  sensor  outputs.  A  waveform  analyzer  was  used 
as  a  control  and  readout  system  for  the  forced-oscillation  phases  of  the 
test.  A  variable  frequency  oscillator,  which  was  an  integral  part  of  the 
analyzer,  was  connected  to  the  electromagnetic  shaker  and  provided  control 
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of  the  frequency  and  amplitude  of  the  exciting  force  to  the  model.  The 
shaker  force  sensor  output  and  the  output  of  the  pitch  accelerometer  in 
the  MOL  payload  were  connected  to  the  two  input  channels  of  the  anal¬ 
yzer.  The  analyzer,  using  sine  and  cosine  reference  signals  from  the 
oscillator,  evaluated  the  force  and  acceleration  signals  by  Fourier 
analysis  methods  and  provided  over  40  db  of  noise  and  harmonic  rejec¬ 
tion.  The  following  parameters  were  resolved  by  the  analyzer  (where 
real  and  imaginary  components  are  relative  to  the  oscillator  signal 
and  in-phase  and  quadrature  components  are  relative  to  the  exciting 
force): 

1.  Frequency 

2.  Force,  real  component 

3.  Force,  imaginary  component 

4.  Force,  total 

5.  Acceleration,  real  component 

6.  Acceleration,  imaginary  component 

7.  Acceleration,  total 

8.  Acceleration,  in-phase 

9.  Acceleration,  quadrature 

10.  Phase  angle  of  force  relative  to  oscillator  signal 

11.  Phase  angle  of  acceleration  relative  to  oscillator 
signal 

12.  Phase  angle  between  force  and  acceleration 

13.  Response,  in-phase,  defined  as  ratio  of  in-phase  accel¬ 
eration  to  total  force 

14.  Response,  quadrature,  defined  as  ratio  of  quadrature 
acceleration  to  total  force 

15.  Response,  total,  defined  as  ratio  of  total  acceleration 
to  total  force 

The  analyzer  also  provided  for  averaging  the  foregoing  parameters 
at  time  intervals  ranging  from  0.  01  to  50  sec.  All  steady-state  forced- 
oscillation  data  were  obtained  using  the  50-sec  time  constant.  Although 
all  of  the  15  parameters  were  available  from  the  analyzer,  only  items 
1,  2,  3,  5,  and  6  were  recorded  online.  These  parameters,  which  were 
in  the  form  of  d-c  voltages,  were  processed  through  the  PWT  force  and 
moment  readout  system  (Famros)  described  in  Ref.  2.  Other  steady- 
state  measurements  were  also  processed  through  the  Famros  system. 
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All  the  model  instrumentation  except  the  position  sensor  was  con¬ 
nected  through  a  channel  selector  panel  so  that  the  outputs  could  be 
monitored  on  ms  voltmeters  and/or  oscilloscopes.  A  schlieren  sys¬ 
tem  and  television  cameras  were  also  used  to  monitor  the  model  during 
the  test. 


SECTION  III 
TEST  DESCRIPTION 


3.1  TEST  CONDITIONS 

The  test  was  conducted  in  the  Mach  number  range  from  0.  80  to 
1.  10  and  at  zero  angle  of  attack.  To  satisfy  model  scaling  parameters 
(see  Appendix  II),  it  was  desirable  to  test  at  dynamic  pressures  corre¬ 
sponding  to  the  full-scale  flight  trajectories.  However,  the  buffet  loads 
on  the  model  at  the  flight  dynamic  pressures  imposed  stresses  on  the 
model  approaching  the  design  limit.  Thus,  to  excite  the  model  above 
the  level  of  the  buffet  response  as  required  for  the  aerodynamic  damp¬ 
ing  study,  it  was  necessary  to  test  at  reduced  dynamic  pressure  levels. 
These  levels  ranged  from  50  to  85  percent  of  the  flight  dynamic  pres¬ 
sures.  Variations  of  the  dynamic  pressure  (q^)  with  Mach  number  (Mw) 
for  the  various  dynamic  pressure  schedules  of  the  test  are  presented  in 
Fig.  13a.  The  dynamic  pressure  variation  noted  as  qa  =  1.0  q0  repre¬ 
sents  the  upper  limit  of  the  q,,,  dispersion  for  the  full-scale  fliglvtf  traj¬ 
ectory.  The  variation  of  Reynolds  number,  based  on  the  model  core 
diameter,  with  Mach  number  for  the  range  of  dynamic  pressure  of  the 
test  is  presented  in  Fig.  13b.  It  should  be  pointed  out  that  Reynolds 
numbers  for  the  model  and  prototype  vehicle  do  not  match  (see  Appendix 
II).  This  mismatch  was  not  considered  detrimental  to  the  purpose  of  the 
test. 


3.2  TEST  PROCEDURE 

The  test  consisted  of  two  distinct  phases:  (1)  air-off  model  vibra¬ 
tion  testing,  and  (2)  air- on  buffet  response  and  model  vibration  testing. 
These  phases  are  discussed  separately. 

3.2.1  Air-Off  Model  Vibration  Testing 


With  the  model  mounted  in  the  tunnel  and  no  air  flowing,  the  model 
was  excited  by  the  electromagnetic  shaker  to  establish  the  modal 
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characteristics  of  the  various  configurations  in  the  pitch  plane  when 
supported  by  the  model  sting  system  and  the  remaining  PWT  sting 
assembly.  These  tests  were  normally  conducted  at  three  amplitudes 
of  excitation  {corresponding  to  the  amplitudes  of  the  air-on  vibration 
tests)  and  before  and  after  an  air-on- run.  Generally,  the  following 
procedure  was  followed: 

1.  Excitation  was  applied  to  the  aft  end  of  the  core  by  the 
electromagnetic  shaker  and  the  desired  pitch  bending 
mode  was  "tuned'r  by  varying  the  frequency  of  the 
control  oscillator.  The  resonance  condition  was  indi¬ 
cated  by  the  change  in  phase  of  the  response  when  the 
exciting  frequency  passed  through  resonance.  The 
change  in  phase  was  easily  detectable  from  the  in-phase 
response  as  displayed  directly  on  the  waveform  analyzer 
by  a  direct-current  voltmeter  with  a  center  zero.  The 
in-phase  response  peaks  at  frequencies  just  below  and 

just  above  resonance  and  is  zero  at  the  resonance  frequency. 
Thus,  tuning  to  the  resonance  frequency  involved  nulling  the 
in-phase  response  voltmeter  to  zero. 

2.  After  each  mode  was  properly  tuned  and  the  amplitude 
of  excitation  set,  the  experimental  mode  shapes  were 
determined  by  measuring  the  variation  along  the  model 
of  the  quadrature  acceleration  (A  sin  (3)  of  the  model  by 
means  of  a  roving  accelerometer.  It  was  pointed  out  in 
Refs.  5  and  6  that  the  phase  separation  technique, 
whereby  the  mode  shape  is  defined  in  terms  of  the  quad¬ 
rature  acceleration  rather  than  the  total  acceleration, 
greatly  increases  the  accuracy  of  the  mode  shape.  The 
mode  shapes  were  normalized  to  the  quadrature  accelera¬ 
tion  at  model  station  -32.00. 

3.  After  each  modal  survey,  up  to  20  data  points  were 
recorded  through  the  on-line  data  acquisition  system  and 
on-line  computation,  and  tabulation  of  the  forced  oscillation 
parameters  were  obtained.  Also,  the  outputs  of  the  various 
sensors  were  recorded  on  magnetic  tape  and  on  the  oscillo¬ 
graphs. 

4.  The  damping  of  each  elastic  mode  was  then  recorded  on  an 
oscillograph  by  instantaneously  removing  the  excitation 
force  and  allowing  the  model  to  freely  decay. 

5.  The  variation  with  frequency  of  the  in-phase  response  and 
the  total  acceleration  were  obtained  utilizing  two  x-y 
plotters  on  the  analyzer.  These  plots  ranged  from  approxi¬ 
mately  2  cps  below  resonance  to  approximately  2  cps  above 
resonance. 
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3.2.2  Air-On  Bullet  Response  and  Model  Vibration  Testing 

After  the  air- off  data  were  obtained,  the  tunnel  was  started  at  a  low 
dynamic  pressure.  The  model  was  free  to  respond  to  the  airflow  as 
dynamic  pressure  was  increased  until  the  desired  test  conditions  were 
realized.  All  bending-moment  and  force  sensors  were  monitored  to 
ensure  that  loads  in  excess  of  the  structural  capability  of  the  model 
were  not  reached.  Excessive  loads  were  not  encountered  during  the 
present  test,  and  it  was  not  necessary  to  use  the  snubber  and  brake  sys¬ 
tems  discussed  in  Ref.  1.  At  each  test  condition,  the  buffet  response 
measurements  were  obtained  by  allowing  the  model  to  freely  respond 
to  the  flow  conditions,  while  approximately  2  min  of  magnetic  tape 
data  were  recorded.  During  this  time,  on-line  rms  values  of  selected 
bending -moment  sensor  outputs  were  hand  recorded. 

After  the  buffet  response  data  were  obtained,  the  model  was  forced 
to  vibrate  at  resonance  in  the  desired  pitch  free -free  bending  mode. 

It  was  noted  that  the  excitation  force  had  to  be  sufficiently  large  to 
excite  the  model  above  the  level  of  the  buffet  forces  in  order  to  obtain 
a  well  defined  resonance  condition.  Resonance  was  tuned  in  approxi¬ 
mately  the  same  manner  as  discussed  in  step  1  of  Section  3.  2.  1, 
Approximately  2  min  of  constant  amplitude  and  frequency  forced- 
oscillation  data  were  recorded  on  magnetic  tape  and  approximately  20 
data  points  of  steady-state  measurements  were  recorded  through  the 
data  acquisition  system.  After  the  forced- oscillation  data  at  resonance 
were  obtained,  the  variations  of  the  excitation  force  and  acceleration 
response  with  frequency  were  recorded  on  magnetic  tape.  These  data 
were  obtained  by  sweeping  the  frequency  range  from  approximately  2  cps 
below  to  2  cps  above  the  resonance  frequency  using  the  automatic  fre¬ 
quency  scan  capability  of  the  control  oscillator.  The  variation  with 
frequency  of  the  in-phase  response  and  the  total  acceleration  were 
plotted  using  the  two  x-y  plotters  on  the  analyzer.  The  plots  were 
obtained  concurrently  with  the  recording  of  the  sweep  data  on  tape. 

This  procedure  was  repeated  for  each  mode  and  amplitude  of  excitation. 
The  air-on  decaying  oscillations  did  not  produce  a  signal  that  was  clean 
enough  to  permit  the  use  of  the  logarithmic  decrement  method  for  deter¬ 
mining  damping.  Therefore,  free  decays  were  not  recorded  for  air-on 
conditions. 


3.3  DATA  REDUCTION 

Steady-state  force  and  bending- moment  measurements  obtained 
from  the  support- spring  and  core  instrumentation,  respectively,  were 
reduced  and  tabulated  on-line.  These  data  were  used  primarily  to 
monitor  the  test  and  are  not  presented  herein. 
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The  buffet  response  bending-moment  measurements  as  recorded 
on  magnetic  tape  will  be  reduced  by  the  Martin- Marietta  Corporation, 
Denver  Division.  Selected  rms  bending-moment  data  were  hand  re¬ 
corded  during  the  test,  and  these  data  are  presented  herein.  The  rms 
data  were  obtained  using  time -integrating  rms  voltmeter  systems. 

The  real  time  data  sample  for  the  rms  analysis  was  50  sec. 

The  damping  measurements  were  obtained  on-line  utilizing  the 
waveform  analyzer  described  in  Section  2,3.  2,  The  analyzer  resolved 
the  exciting  force  and  the  resulting  model  acceleration  into  real  and 
imaginary  components.  These  components,  together  with  the  circular 
frequency,  define  the  damping  for  each  elastic  mode  as  follows: 


C  = 


/  FR  Aj  -  Fl  Ar\ 
\  ar  -  Ai  / 


h  (MS)F  h  (MS)  A 


(1) 


A  vector  representation  of  these  components  is  presented  in  Fig.  14, 
and  a  derivation  of  the  damping  equation  is  presented  in  Appendix  III. 
The  structural  damping  was  determined  by  exciting  the  model  at  air- off 
conditions  and  is  presented  in  terms  of  the  structural  damping  coef¬ 
ficient.  For  small  structural  damping  the  coefficient  may  be  expressed 
as: 


2  =  2 

r  r  I 


(2) 


The  damping  given  by  Eq.  (1)  for  air-on  conditions  is  the  sum  of  the 
structural  and  aerodynamic  damping  terms.  The  aerodynamic  damping 
is  presented  in  terms  of  the  total  damping  coefficient: 


s 


2 


<C,  +  C„) 
Ccr 


(3) 


Since  Eq.  (1)  defines  an  absolute  value  of  the  damping  rather  than  a 
damping  ratio,  it  was  necessary  to  determine  the  critical  damping  for 
use  in  Eqs.  (2)  and  (3).  The  critical  damping  was  derived  by  comparing 
the  measured  air-off  damping  from  Eq.  (1)  with  the  damping  ratio  as 
determined  by  the  logarithmic  decrement  method  from  the  air- off  free- 
oscillation  decays.  The  critical  damping  was  also  determined  using 
values  of  the  generalized  masses  from  the  following  equation: 

Ccr  =  2  Ci)  Ms 

where  the  generalized  masses  were  experimentally  determined  by  the 
incremental  mass  method  {Ref.  7).  However,  critical  damping  deter¬ 
mined  by  this  method  was  not  felt  to  be  as  accurate  as  that  defined  by 
the  free-oscillation  decay  for  determining  the  damping  coefficient 
(see  Section  4.1.2). 
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SECTION  IV 

RESULTS  AND  DISCUSSION 


It  was  noted  in  Section  3.  2  that  the  test  was  conducted  in  two  distinct 
phases:  (1)  air-off  vibration  testing  and  (2)  air-on  buffet  response  and 
vibration  testing.  The  results  of  these  phases  of  the  test  are  discussed 
separately. 


4.1  AIR-OFF  VIBRATION  TESTING 

Air-off  vibration  of  the  model  was  conducted  to  evaluate  the  modal 
characteristics  of  the  various  configurations  in  the  pitch  plane.  The 
following  parameters,  which  may  be  interpreted  as  defining  the  elastic 
properties  of  the  model,  were  determined  for  the  first  and  second  pitch 
bending  modes:  (1)  mode  shapes,  (2)  resonant  frequencies,  and  (3) 
structural  damping.  It  was  discovered  during  the  air-off  vibration  test¬ 
ing  that  significant  pitch-yaw  coupling  occurred  in  the  first  mode  for 
certain  configurations.  To  show  the  effects  of  the  coupling,  the  varia¬ 
tion  with  frequency  of  the  in-phase  response  and  the  total  acceleration 
were  also  recorded  for  all  configurations. 

4.1.1  Model  Elastic  Properties 

Longitudinal  variations  of  the  normalized  amplitudes,  h(MS),  of  the 
first  and  second  pitch  bending  modes  are  presented  for  the  various  con¬ 
figurations  in  Figs.  15  through  19.  All  configurations  exhibited  similar 
mode  shapes.  The  flexural  stiffness  of  the  core  is  significantly  less 
than  that  of  the  SRM's  as  indicated  by  the  larger  variation  of  the  core 
deflection.  For  the  first  mode  the  SRM's  were  essentially  rigid  bodies 
experiencing  pitch  motion,  whereas,  some  bending  can  be  detected  in 
the  second  mode.  It  is  interesting  to  note  that  the  payload  weight  had 
a  significant  effect  on  the  core  deflection  for  the  second  mode.  The 
variation  of  the  core  deflection  for  configuration  43  with  a  payload  of 
0.  9  lb  was  considerably  less  than  that  of  configuration  45  with  a  payload 
weight  of  3,  5  lb. 

Significant  changes  in  frequency  also  resulted  from  payload  weight 
changes  as  shown  in  Fig.  20.  Increasing  the  payload  weight  decreased 
the  resonance  frequency  of  both  the  first  and  second  pitch  bending  modes. 

Structural  damping  of  the  various  configurations  was  determined  as 
discussed  in  Sections  3.  2  and  3.  3  and  Appendix  III.  Some  variation  in 
damping  with  excitation  force  was  observed;  however,  this  variation  was 
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generally  within  the  scatter  of  the  data.  A  summary  of  the  structural 
damping  coefficients  (gs)  together  with  other  model  physical  properties 
is  presented  in  Table  I.  Damping  coefficients  presented  in  the  table 
represent  average  values.  It  should  be  noted  that  the  model  structural 
damping  coefficient  for  the  first  pitch  bending  mode  ranged  from  50  to 
60  percent  of  that  estimated  for  the  prototype  vehicle.  This  indicates 
that  the  model  was  conservative  since  it  should  be  more  responsive  to 
buffet  loads  than  the  prototype  vehicle. 

4.1.2  Forced-Oscillation  Response  Characteristics 

Response  characteristics  of  the  various  configurations  are  exhibited 
by  variations  with  frequency  of  the  total  acceleration  (A)  and  the  in-phase 
response  (Rj)  as  shown  in  Figs.  21  through  28.  For  certain  configura¬ 
tions,  significant  coupling  between  the  pitch  bending  modes  and  the  yaw 
bending  modes  and/or  sting  vibration  was  encountered.  One  example  is 
shown  for  the  first  pitch  bending  mode  of  configuration  42,  Fig.  21a. 
Coupling  is  evidenced  by  the  small  secondary  peaks  in  A  and  RI  which 
occur  at  frequencies  below  and  above  the  resonance  frequency.  The 
effect  of  the  coupling  is  to  decrease  the  pitch  acceleration  in  the  neighbor¬ 
hood  of  the  resonance  frequency,  and  thus  cause  the  total  response  (A/F) 
to  be  less  than  the  value  which  would  occur  for  pitch  plane  vibrations 
alone.  Since  damping  is  inversely  proportional  to  the  response,  the  indi¬ 
cated  damping  is  too  large.  Coupling  was  not  present  in  the  second  pitch 
bending  mode  of  configuration  42  as  evidenced  by  the  smooth  variation  of 
A  and  Rj  with  frequency  and  the  single  peak  in  A  at  the  resonance  fre¬ 
quency,  Fig.  22.  Configuration  43  also  experienced  significant  coupling 
in  the  first  pitch  bending  mode  as  shown  by  the  solid  curves  in  Fig.  23. 
This  coupling  resulted  primarily  from  sting  vibration.  A  sting  extension, 
which  supports  the  payload  nose  brake,  was  removed  and  most  of  the 
coupling  was  eliminated  as  shown  by  the  broken  curves  in  Fig.  23.  Also, 
the  resonance  frequency  was  lower  for  the  configuration  without  the  sting 
extension.  Some  coupling  remained  (probably  with  the  first  yaw  bending 
mode)  since  A  peaked  at  a  frequency  slightly  above  the  resonance  fre¬ 
quency.  Similar  variations  of  A  and  Rj  with  frequency  for  other  config¬ 
urations  show  only  small  coupling  effects. 

It  was  not  possible  to  estimate  the  reduction  in  measured  damping 
values  resulting  from  the  coupling  although  the  error  was  partly  reduced 
by  accounting  for  the  coupling  in  evaluating  critical  damping  (Ccr).  This 
was  accomplished  by  determining  Ccr  as  follows: 

C  cr  =  2  C/  gg 

where  gg  is  the  structural  damping  coefficient  as  determined  from  free 
decays  and  C  is  the  structural  damping  obtained  from  forced  oscillation. 
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The  result  is  that  Ccr  is  adjusted  for  the  coupling  in  an  amount  propor¬ 
tional  to  the  coupling  effect  on  C  such  that  the  ratio  C/Ccr  is  approxi¬ 
mately  correct. 


4.2  BUFFET  RESPONSE 


Variations  with  free- stream  Mach  number  of  the  total  elastic  rms 
bending  moment  resulting  from  the  structural  response  of  the  model  in 
the  pitch  free-free  bending  modes  to  buffet  airloads  are  presented  in 
Fig.  29.  These  results  were  obtained  by  hand  recording  rms  voltages 
of  a  selected  bending -moment  sensor  output  during  the  test.  The  sensor 
at  model  station  35.  48  was  selected  because  of  its  close  proximity  to  the 
station  of  peak  bending-moment  sensitivity  in  the  first  and  second  pitch 
bending  modes.  Also,  it  should  be  noted  that  the  bending-moment  sensor 
outputs  were  filtered  below  10  cps  to  exclude  the  rigid  body  frequencies 
of  the  support  springs  from  the  rms  analysis.  A  discussion  of  the  effects 
of  the  support  springs  is  presented  in  Ref.  1.  Since  the  present  test  was 
generally  conducted  at  dynamic  pressures  below  the  Ref.  1  test,  it  was 
necessary  to  adjust  the  bending-moment  data  so  that  a  comparison  of  the 
two  test  results  could  be  made.  An  analysis  of  the  effects  of  dynamic 
pressure  was  made  in  Ref.  1,  and  it  was  shown  that  the  bending- moment 
response  was  proportional  to  the  dynamic  pressure.  Therefore,  the 


variations  of  a^ji 


with  Mn  from  the  present  bending- moment  data  are 


compared  with  the  data  from  Ref.  1  for  similar  configurations.  Consider¬ 
ing  that  minor  changes  had  been  made  to  the  weight  distributions  and  that 
the  flow  field  about  the  model  may  have  been  slightly  altered  because  of 
the  presence  of  the  excitation  system,  the  results  compare  reasonably 
well.  The  peak  buffet  response  occurred  near  Mm  =  0.  95  for  all  configura¬ 
tions.  The  external  geometries  of  configurations  43,  44,  and  45  were  the 
same  as  configurations  32,  41,  and  34,  respectively,  in  Ref.  1.  The 
protuberances  on  the  MOL  differed  between  configuration  42  of  the  present 
test  and  configuration  31  in  Ref.  1 ;  however,  both  sets  of  protuberances 
appeared  to  have  similar  effects  on  the  buffet  response  (Fig.  29a).  Con¬ 
figuration  46  was  not  tested  previously,  and  a  comparison  of  the  results 
cannot  be  made. 


4.3  AIR-ON  VIBRATION  TESTING 

Air-on  vibration  testing  was  conducted  to  measure  the  total  damping 
(combined  structural  and  aerodynamic  damping)  by  the  forced- oscillation 
technique.  Variations  of  the  total  damping  coefficient  (g)  with  Mach  num¬ 
ber  (MJ  are  presented  in  Figs.  30  through  34.  The  structural  damping 
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coefficients  (gs)  as  determined  from  air-off  vibration  testing  are  also 
presented  in  Figs.  30  through  34.  The  dispersions  of  gs  resulting 
from  exciting  force  amplitude,  temperature,  and  other  factors  are 
represented  by  the  cross-hatched  band.  The  aerodynamic  damping 
coefficient  {Ca/CGr)  is  a  function  of  the  total  damping  (g)  and  the 
structural  damping  (gs): 


6  I  Es 


2 


The  Gemini  configurations  (configurations  42,  43,  and  44)  exhibited 
similar  damping  characteristics  for  the  first  pitch  bending  mode. 

Figs.  30a,  31a,  and  32a,  The  aerodynamic  damping  was  relatively  low 
at  the  lower  Mach  numbers  and  increased  rapidly  in  the  Mach  number 
range  from  0.  925  to  1.  00,  Peak  buffet  response  also  occurs  in  this 
Mach  number  range.  The  variations  of  aerodynamic  damping  for  the 
second  pitch  bending  mode  with  Mach  number  (configurations  42,  43, 
and  44,  Figs,  30b,  31b,  and  3  2b)  were  less  than  those  observed  for  the 
first  mode.  For  configuration  43,  the  aerodynamic  damping  was  approxi¬ 
mately  zero.  The  effect  of  dynamic  pressure  on  aerodynamic  damping 
was  similar  for  configurations  42  and  44.  As  dynamic  pressure  was 
increased,  the  aerodynamic  damping  also  increased;  although  the  in¬ 
crease  in  damping  was  not  necessarily  proportional  to  dynamic  pressure 
for  all  Mach  numbers.  For  configuration  43,  it  should  be  noted  that  the 
damping  data  for  the  first  mode  are  for  the  configuration  without  the 
sting  extension  (see  Section  4.  1).  For  this  configuration,  data  were 
obtained  only  for  qB  =  0.  50  .  The  effect  of  dynamic  pressure  on  the 

damping  for  the  second  mode  of  configuration  43  was  negligible,  as  may 
be  expected  since  the  aerodynamic  damping  was  approximately  zero. 

The  SV-5  configuration  and  the  standard  fairing  configuration  (con¬ 
figurations  45  and  46,  respectively)  were  tested  for  aerodynamic  damp¬ 
ing  only  in  the  first  pitch  bending  mode,  and  the  results  are  presented 
in  Figs.  33  and  34.  The  aerodynamic  damping  for  configuration  45 
increased  almost  monotonically  from  0.85  to  1.  10.  For  configuration 
46,  the  aerodynamic  damping  increased  rapidly  from  0.  925  to  0.  975, 
peaked  at  0.  975,  and  decreased  from  0.  975  to  1.00.  The  effect  of  in¬ 
creasing  dynamic  pressure  was  to  increase  the  aerodynamic  damping 
as  observed  for  configurations  42  and  44. 

The  response  characteristics  of  the  various  configurations  were 
also  recorded  for  air -on  conditions  as  plots  of  A  and  Rj  versus  fre¬ 
quency.  The  results  were  similar  to  those  for  air-off  conditions  (see 
Section  4,  1);  however,  the  air-on  data  were  somewhat  ill-defined 
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because  of  the  presence  of  nonstationary,  random  buffet  forces.  The 
coupling  effects,  noted  in  the  air-off  data  for  configurations  42  and  43, 
were  also  present  for  air-on  conditions. 


SECTION  V 
CONCLUSIONS 


On  the  basis  of  a  wind  tunnel  test  conducted  on  aeroelastically 
scaled  Titan  III/ MOL  configurations,  the  following  conclusions  can  be 
drawn: 

1.  All  configurations  experienced  peak  buffet  response 
near  Mach  number  0.  95.  The  buffet  response  for  the 
Gemini  and  SV-5  configurations  agreed  reasonably  well 
with  previous  test  results  for  the  same  or  similar 
configurations . 

2.  The  model  structural  damping  for  the  first  pitch  bend¬ 
ing  mode  ranged  from  50  to  60  percent  of  that  estimated 
for  the  prototype  vehicle.  Thus,  buffet  response  meas¬ 
urements  should  be  conservative  for  estimating  the  full- 
scale  buffet  response, 

3.  Significant  coupling  between  the  pitch  bending  modes  and 
the  yaw  bending  modes  and/  or  sting  vibration  was  noted 
in  both  the  air- off  and  air -on  vibration  data.  This 
problem  which  affects  the  damping  results  could  only  be 
approximately  resolved. 

4.  The  aerodynamic  damping  was  generally  positive  and 
varied  with  Mach  number.  The  largest  variations 
occurred  in  the  Mach  number  range  from  0.  925  to  1, 00 
for  the  Gemini  and  SV-5  configurations. 

5.  Increasing  dynamic  pressure  caused  an  increase  in  aero¬ 
dynamic  damping,  although  the  increase  in  damping  was 
not  necessarily  proportional  to  dynamic  pressure. 
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TUNNEL  STATIONS  IN  FEET 


Fig.  1  Schematic  of  the  Model  Installation  in  Tunnel  16T 


a.  Configuration  42 

Fig.  2  Photographs  of  the  Various  Configurations  Installed  in  Tunnel  16T 
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6475-67 


c.  Configuration  44 
Fig.  2  Continued 
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7035-67 


d.  Configuration  45 

$///&/ 

•  Sfj:l 

e.  Configuration  46 
Fig.  2  Concluded 
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Fig.  4  Orientation  of  the  Payloads  on  the  Booster 
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LEFT  SIDE  VIEW  BEAR  VIEW  PROTUBERANCE  *C"  / 

4.34  R 


4.20  R  4.34  R 

PROTUBERANCE  "A"  PROTUBERANCE  "B"  PROTUBERANCES  "0"  AND  "E" 

ALL  LINEAR  DIMENSIONS  IN  INCHES 


Fig.  5  Details  of  the  Protuberances  on  the  MOL,  Configuration  42 
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MODEL  STATION  20.97  87. 57 


ALL  DIMENSIONS  IN  INCHES 


a.  Side  View 


SPRING 

b.  Top  View 

Fig.  7  Schematics  of  the  Spring  Support  System 
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W 


Fig,  8  Continued 
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RUBBER  MECHANICAL 


a.  Installation  Schematic 

Fig.  9  Details  of  the  Forced-Oscillation  Shaker  System 
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b.  Installation  Photograph 
Fig.  9  Concluded 
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<f>  -  0° 


TYPICAL  CORE  CROSS  SECTION 


fN 


TYPICAL  SUPPORT  SPRING  CROSS  SECTION 


(a)  +  EXCITATION 

(F)  -  SIGNAL 

(C)  +  SIGNAL 

(0)  -  EXCITATION 


Fig.  10 


Details  of  the  Bendi 


ng-Moment  and  Support  Spring  Force  Sensors 
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9  56  19.34  90.39 


ALL  DIMENSIONS  IN  INCHES 

Fig.  11  Axial  Locations  of  the  Bending-Moment  Sensors 
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Fig.  12  Data  Acquisition  System 
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b.  Second  Pitch  Bending  Mode,  fe  =  31.87 

Fig.  15  Longitudinal  Variation  of  the  Normalized  Modal  Deflection  for  Configuration  42 


AEDC-TR-67-178 


-80  -60  -40  -20  0  20  40  60  80  100  120 


a.  First  Pitch  Bending  Mode,  fD  =  T7.77 


MS,  in 


-80  -60  -40  -20  0  20  40  60  80  100  120 

MS, in 

b.  Second  Pitch  Bending  Mode,  fa  =  31.28 
Fig.  17  Longitudinal  Variation  of  the  Normalized  Modal  Deflection  for  Configuration  44 


39 


-HU 


-bU 


-40 


-20 


0 


Fig.  18 


20 


40  60  80  100  120 


b.  Second  Pitch  Bending  Mode,  f0  =  30.65 


MS,  in 


Longitudinal  Variation  of  the  Normalized  Modal  Deflection  for  Configuration  45 
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a.  First  Pitch  Bending  Mode,  f„  =  17.93 


Fig.  19  Longitudinal  Variation  of  the  Normalized  Modal  Deflection  for  Configuration  46 
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a.  Total  Acceleration 


Fig.  26 
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b,  In-Phase  Response 

Variation  of  the  Total  Acceleration  and  In-Phase  Response  with  Frequency, 
Configuration  44,  Second  Mode 
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Fig.  27 


Configuration  45,  First  Mode 
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d.  Configuration  45 


0.6  0-7  0.8  0.9  1.0  1.1  I. 

e.  Configuration  46 
Fig.  29  Concluded 
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Fig.  33  Variation  of  Total  Damping  Coefficient  with  Mach  Humber,  Configuration  45, 
First  Mode 
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Fig.  34  Variation  of  Total  Damping  Coefficient  with  Mach  Number,  Configuration  46, 
First  Mode 
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APPENDIX  II 

DERIVATION  OF  MODEL  SCALING  PARAMETERS 


The  models  were  aeroelastically  scaled  to  be  dynamically  similar 
to  the  prototype  vehicles.  The  scale  factors  used  in  the  model  design 
were  dictated  by  the  wind  tunnel  size  and  the  necessity  to  match  perti¬ 
nent  dimensionless  and  independent  parameters  [referred  to  as  Pi(7r) 
terms.  Ref.  8].  The  descriptive  variables  and  the  basic  dimensions 


are: 

Symbol 

Variable 

Dimensions 

Free-stream  speed  of  sound 

LT" 1 

E 

Young's  modulus  of  elasticity 

FL/2 

f 

Frequency 

X-1 

g 

Gravitational  acceleration 

LT-2 

la 

Area  moment  of  inertia 

L4 

f  m 

Mass  moment  of  inertia 

FT2L 

A 

Typical  linear  dimension 

L 

M 

Total  mass 

FT2]!/1 

m 

Mass  per  unit  length 

FT2!/2 

Tw 

Free-stream  temperature 

e 

v. 

Free-stream  velocity 

LT-1 

a 

Angle  of  attack 

Dimensionless 

Kinematic  viscosity  of  the  free  stream 

L2T“1 

Pa 

Mass  density  of  air 

ft2l/4 

ps 

Mass  density  of  structure 

ft2l/4 

where  L,  T,  F,  and  Q  are  the  basic  dimensions  of  length,  time,  force, 
and  temperature,  respectively. 

The  following  design  conditions  were  considered  pertinent: 


(Geometry) 


(1) 
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(Strouhal  number) 

(3) 

(Angle  of  attack) 

(4) 

(Mass  density  ratio) 

(5) 

where  M  and  P  denote  model  and  prototype,  respectively,  and  ref  de¬ 
notes  a  reference  parameter.  To  satisfy  tunnel  requirements  for  less 
than  one-percent  tunnel  blockage,  of  the  model,  (^ref)M  =  0*0?  (^ref)p* 

From  the  necessity  to  match  Mach  number,  Eq.  (2),  it  can  be  shown 

that 


(Voo)  m 

(y°°)  p  = 

where  T,,,  is  absolute  temperature  in  degrees  Rankine.  Because  of 
limitations  in  the  test  facility,  there  was  a  temperature  mismatch 
between  the  model  test  conditions  and  the  prototype  flight  regimes. 

This  mismatch  is  considered  small,  such  that  -^f)  m  „  i  o 

(Up 

The  bending  stiffness  and  running  mass  of  the  model  were  also  the 
correct  scaled  values  of  the  prototype  vehicle. 

(-&)„- 

pM  = 

\mref  m 


w 


The  necessity  to  match  pertinent  conditions  Eqs.  (1)  through  (6)  re¬ 
sulted  in  a  mismatch  in  certain  remaining  rr  terms. 

For  example: 


and 


(Reynolds  number) 


(Froude  number) 


(9) 

(10) 
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The  mismatch  in  Reynolds  number  implies  a  lack  of  similarity  in 
the  boundary  layers  on  the  model  and  prototype  vehicles.  The  mismatch 
in  Froude  number  implies  a  lack  of  similarity  in  the  gravity  effects  or 
that  slosh  and  "deadw eight' 1  are  not  matched.  It  was  felt  that  these  mis¬ 
matched  conditions  were  not  critical  to  the  nature  of  the  test. 

The  various  parameters  of  the  model  are  defined  as  follow: 


Scale  Factor 

n 

=  0.07 

Length 

_£m_ 
£  |. 

n  =  0.07 

Stiffness 

;>m 

=  (i0‘  =  2.10  x  10-5 

Mass 

Mm 

M,, 

=  ( n) 3  =  3.43  x  10"4 

Running  Mass 

mM 

mp 

=  (n)2  =  4.90  x  10~5 

Frequency 

*M 

(P 

«  —  =  11.28 
n 

Mass  Moment 
of  Inertia 

Om)  M 

(L^P 

=  (n)s  =  1.68  x  10" 6 
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APPENDIX  III 

DERIVATION  OF  DAMPING  PARAMETERS 


Consider  the  complex  form  of  the  equation  of  motion  for  a  discrete 
system  with  single  degree- of-freedom,  forced  oscillation: 

MX  +  CX  +  KX  =  Fe,aJl  O) 


where  Feiwt  iS  the  input  forcing  function  acting  on  the  system,  A  solution 
of  the  equation  of  motion  is  of  the  form 


-  itot 

X  =  Xe 


(2) 


where  X  is  the  complex  amplitude.  The  first  and  second  derivatives  of 
the  solution  resolves  the  velocity  and  acceleration  functions: 

•  —  1WI 

X  =  ifi)Xe  (3) 


A  =  -o>  Xe 


(4) 


Substituting  Eqs.  (2),  (3),  and  <4)  into  Eq.  (1),  and  simplifying: 

F  =  (K  -  Mto2)  X  +  i(Cto)  X  (5) 


A  vector  representation  of  Eq.  (5)  is  presented  in  the  phase  diagram. 
Fig.  14.  From  the  diagram: 

sin  p  =  (6) 

F 

where 

P  =  0  -  r,  (7) 


Combining  Eqs.  (6)  and  (7),  and  expanding: 


=  sin  8  cos  rj  - 
F 

Also,  from  the  phase  diagram: 


cos  0  sin  Y) 


sin 

e  = 

Fl 

cos  Q  = 

Fr 

F 

F 

cos 

V  = 

Xr 

sin  7)  = 

Xi 

X  X 


Combining  Eqs.  (8)  and  (9)  and  solving  for  the  damping: 

C  =  xH  -  fr  X, 
to  (Xr  +  xj) 


(8) 


(9) 


(10) 
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It  is  evident  from  the  phase  diagram,  that,  at  resonance  (j3  =  90  deg), 
the  damping  of  a  single  degree-of-freedom  system  (Eq.  10)  is  simply  the 
applied  force  divided  by  the  velocity  of  application  of  the  force.  Since 
during  the  present  investigation,  the  force  and  acceleration  were  meas¬ 
ured,  it  is  convenient  to  express  Eq.  (10)  in  terms  of  the  real  and  imag¬ 
inary  components  of  the  force  and  acceleration.  Noting  from  Eqs.  (2) 
and  (4)  that  the  position  and  acceleration  are  related  by  minus  the  square 
of  the  circular  frequency,  Eq.  (10)  becomes: 


where 


(ID 


At  this  point  it  should  be  noted  that  the  present  test  model  is  a  con¬ 
tinuous  system  rather  than  a  discrete  system.  Therefore,  it  is  necessary 
to  assume  that  the  response  of  the  structure  can  be  represented  by  the 
superposition  of  the  responses  in  its  individual  modes  considering  each 
mode  to  respond  as  a  single  degree-of-freedom  system  with  appropriate 
excitation.  It  was  noted  in  Refs.  5  and  6  that  this  assumption  is  reason¬ 
able  for  a  lightly  damped  continuous  structure,  as  is  the  case  for  the 
present  model,  and  hence  will  be  made  here  also.  For  a  continuous 
system,  the  damping  is  given  by  Eq.  (11)  if  the  force  and  acceleration 
are  replaced  by  their  generalized  values.  Denoting  the  generalized  values 
with  a  subscript  g: 

C  —  &> 


During  the  present  investigation,  a  single  force  was  applied  to  the 
model  and  the  acceleration  response  was  measured  at  a  single  position 
on  the  model.  The  generalized  force  and  acceleration  are  related  to  the 
measured  parameters  by: 

Fg  =  Fh  (MS)f  (13> 

Ag  =  A/'h  (MS) A 

where  h(MS)jr  and  h(MS)A  are  the  normalized  modal  displacements  at  the 
model  stations  corresponding  to  the  location  of  the  force  and  accelera¬ 
tion  measurements,  respectively.  Therefore,  the  damping  for  a  continu¬ 
ous  system  may  be  expressed  in  terms  of  the  measured  parameters  as: 
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Cn 


Al 


h  (MS)  F  h  (MS)  A 


where  the  subscript  n  denotes  the  elastic  mode  n. 


(15) 


For  wind-off  conditions,  the  damping  given  by  Eq.  (15)  is  the  equiv¬ 
alent  viscous  value  of  the  structural  damping  (Cs).  The  structural  damp¬ 
ing  coefficient  for  a  given  mode  is  defined  for  a  lightly  damped  system 
as: 


2CS  =  2C  \ 

^cr  ^■qr/air-off 


(16) 


where 


Ccr  =  2o>Ms 


For  air-on  conditions,  the  damping  given  by  Eq.  15  is  the  sum  of  the 
structural  damping  (Cs)  and  the  aerodynamic  damping  (Ca).  The  air-on 
damping  coefficient  for  a  given  mode  is  defined  as: 


6 


2(Cb  +  C.) 
Ccr 


iP) 

^cr  /  air-on 


(17) 


Another  method  of  determining  the  damping  coefficient  (g)  has  been 
proposed  by  Stahle  (Refs.  5  and  6).  Noting  that  the  in-phase  response 
(Rj)  peaks  at  frequencies  just  below  and  just  above  resonance,  it  can  be 
shown  that  the  damping  coefficient  may  be  expressed  as: 


fn/fb>*  -  i 
+  1 


*h 


Where  fa, 


fb,  and  f0 


are  defined  in  the  following  schematic 


(18) 
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It  is  evident  from  Eq.  (18)  that,  for  a  lightly  damped  system,  the  peaks 
occur  extremely  close  to  resonance.  For  example,  if  g  =  0.  018  and 
fQ  -  18  cps,  then  fa  ~  18.  162  and  fb  ~  17.  838.  Therefore,  if  the  fre¬ 
quency  resolution  is  only  ±0.05  cps  which  is  representative  of  the 
uncertainty  of  the  present  system,  the  error  in  computing  g  using 
Eq.  (18)  could  be  as  large  as  30  percent.  This  problem  is  further  aug¬ 
mented  by  ill-defined  in-phase  response  curves  for  air-on  conditions. 
The  variations  with  frequency  of  the  in-phase  response  were  plotted  for 
both  air- off  and  air-on  vibrational  tests;  however,  they  were  used  only 
to  evaluate  pitch-yaw  coupling  effects  as  discussed  in  Section  4.  1.2. 
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